A system to investigate the remediation of organic vapors using microwaveinduced plasma with fluidized carbon granules
This article describes a system to investigate the parameters for the remediation of organic vapors using microwave-induced plasma on fluidized carbon granules. The system is based on a single mode microwave apparatus with a variable power (2.45 GHz) generator. Carbon granules are fluidized in a 20 mm diameter silica tube situated in the sample section of a waveguide incorporating two additional ports to allow plasma intensity monitoring using a light sensor and imaging with a digital camera. A fluoroptic probe is used for in-situ measurement of the carbon granule temperature while the effluent gas temperature is measured with a thermocouple situated in the silica tube outside the cavity. Data acquisition and control software allow experiments using a variety of microwave power regimes while simultaneously recording the light intensity of any plasma generated within the carbon bed together with its temperature. The system was evaluated using two carbons and ethyl acetate, introduced as a vapor into the fluidizing air stream at a concentration of 1 ppm. Results indicated that significant destruction of ethyl acetate, as monitored using a mass spectrometer, was achieved only with the carbon showing high plasma activity under pulsed microwave conditions. 
INTRODUCTION
Many activated carbons can be heated using microwaves and their use to regenerate static beds of granular carbon has been shown to be effective [1] [2] [3] . Some studies have also been published on the combination of microwave heating with a fluidized bed, especially for drying applications 4, 5 .
When some carbons are exposed to microwave radiation, their temperature can rise rapidly due to dielectric heating. In such cases, the mechanism responsible is space charge polarization or the Maxwell-Wagner effect 6 arising from movement of the free electrons in the carbon. Electron displacement, which occurs in the oscillating microwave electric field (E-field) is restricted by grain boundaries, giving rise to macroscopic regions of positive and negative charge, which at lower frequencies are able to follow the changing E-field. However, at higher frequencies a phase lag develops which gives rise to conversion of part of the absorbed microwave power to heat. Often, heating is accompanied by tiny discharges between granules, especially when agitated (e.g. when the bed is fluidized). This 'twinkling' effect has been reported in waste water remediation studies 7, 8 . Different carbons heat and exhibit this discharge behavior to different extents in a microwave field depending on their method of preparation. Chemical or physical activation, type of precursor and presence of trace elements are all thought to be factors responsible for this variation 9 .
However, the fundamental interaction of microwave energy with fluidized carbon granules and their potential application in the remediation of airborne organic pollutants has not been studied extensively. This paper describes the design, construction and use of a system for the investigation of some of the phenomena associated with the formation of microwave-induced plasma on fluidized activated carbon granules exposed to low concentrations of organic vapor.
I. SYSTEM DESCRIPTION

A. Single mode microwave equipment
In this work, a single mode microwave heating device is used, of similar design to that described previously [10] [11] [12] 
B. Reactor tube and fluidization system
The silica reactor tube is 10-20 mm diameter, situated vertically in the heating section of the microwave cavity and contains a porous ceramic sinter which supports the granules and a silica wool plug to trap fines. Fluidization of the granules between the sinter and the silica wool is produced by an air flow supplied by a diaphragm pump (Capex, Charles Austen) the output of which can be adjusted between 1 and 20 liters per minute, using a restricting tap and rotameter on the pump inlet. The exact flow rate necessary for fluidization varied depending on the carbon used and the tube diameter, but was set according to Equation 1 based on the work of Wen et al. 13 .
Where: u = minimum air velocity for fluidization Downstream from the reactor tube, the exhaust gas is sampled by a mass spectrometer (Hiden, HPR20) fitted with a secondary electron multiplier detector and heated capillary inlet to allow the concentration of reactants and products to be continuously monitored. The gas flow diagram is shown in Fig, 2 and the reactor tube and heating cavity in Fig. 3 . 
C. Temperature measurement
Temperature measurement within a microwave cavity is difficult as conventional thermocouples must be thin, shielded 3, 14 and precisely located normal to the E-field if they are not to act as an antenna 11, 12 . An alternative approach is to use fluoroptic probes, which do not interact with microwaves and can be placed directly in the cavity, but these are not generally very robust. In this system, the fluoroptic probe (STF type probe, Luxtron) is contained in a ceramic sheath (alumina, 3 mm old.) whose tip is located above the ceramic sinter in the reactor tube in contact with those granules which are momentarily at rest. This arrangement affords the probe protection in the somewhat aggressive experimental conditions produced by the fluidized carbon granules. The validity of the temperatures recorded in a fluidized bed where the granules are heated by microwaves has been proved in a study 15 which concluded that the solid and gas temperatures are equal when the system is in equilibrium (steady state). 
D. Plasma intensity monitoring using a light sensor
The intensity of any transient plasma formed in the fluidized carbon bed while subjected to microwaves was monitored using a simple light sensor based on a light dependent resistor (LDR) whose resistance falls as a function of the intensity of light falling on it. This was connected to an amplifier circuit which converted the changing resistance into 
E. Digital imaging of the fluidized bed
Visual monitoring of the carbon fluidization and any plasma discharge is achieved using a CCD webcam (Logitech) positioned in the side port of the microwave heating cavity opposite the light sensor. Extraneous light is excluded from the microwave heating section using black plastic end caps on the vertical ports and from the exposed lengths of the sample cell by black adhesive tape. 
II. SYSTEM EVALUATION
A. Determination of temperature and plasma discharge levels
Initial experiments were performed to compare the relative temperature and plasma discharge levels of two different carbon samples (BPL and AR1, Chemviron). These carbons were selected because, according to the manufacturer, both are suitable for adsorption of organic vapors 16 Before microwave power was applied, the carbon was allowed to equilibrate in the ethyl acetate/air flow until a steady state was reached and a constant reading for m/z 43 (ethyl acetate base peak) registered by the mass spectrometer.
Pulsed microwave power was then applied. Four-second pulses at 400 W were separated by eight seconds at zero power and this regime continued until the ethyl acetate equilibrium was re-established. At this stage, the MW power was set to zero and the ethyl acetate level allowed stabilizing, at which point the experiment was terminated. In addition to the mass spectrometer data, the temperatures of the carbon granules and the effluent air stream, together with the plasma discharge signal were recorded. Fig. 9 shows the result of the experiment using BPL carbon. It can be seen that throughout the period when the pulsed microwave power was applied the ethyl acetate concentration is unaffected. In contrast, the experiment with AR1 carbon ( As a result of the high air flow rate, the carbon granule temperature was similar for both experiments, averaging at 73 °C, as was the exhaust gas temperature which averaged 50 °C. However, the plasma discharge signals are very different with AR1 carbon producing a much higher average value (1.9 V) than the BPL (0.05 V).
III. CONCLUSION
An instrument has been developed to study the behavior of microwave-induced Current research is focused on tuning the instrument to identify the experimental conditions, such as the microwave power regime, the fluidization flow rate, the carbon used, etc., that produce the greatest plasma intensity and are most effective at destroying the target vapor. Future work will evaluate the response of the system to a range of organic vapors, including species with hetero atoms, and explore the potential of scale-up.
